The discovery of buckling instability and vibration of polyethylene/ carbon nanotube matrices is reported by molecular mechanics simulations. The research is aimed to acquire a high strength design of PE-CNT matrix with proper PE/CNT ratio as well as discovering the dynamic characteristics of the PE-CNT composites. The buckling strains and the resonance frequencies are found to decrease with an increase in the number of polyethylene chains in the polyethylene/carbon nanotube matrices. Van der Waals forces are collected to explain the relation of the PE chains to the buckling strain and the resonance frequency of the composites.
Introduction
Since they were discovered in 1991, carbon nanotubes (CNTs) have been widely recognized to have superior electrical, mechanical, and thermal properties [1, 2] . Composites of CNTs embedded in polymer matrices are considered as high-strength fiber-reinforced materials. Among many investigations on mechanical behaviors of composites of CNTs, mechanical instability analysis conducted by continuum mechanics models or atomic simulations has drawn researchers' interests. Wang [3] discovered a buckling instability of a single-walled CNT wrapped by a PE molecule subjected to compression through molecular mechanics simulations and a decrease up to 44% in the buckling strain of the nano-structure owing to the van der Waals interaction between the two molecules was uncovered. Furthermore, a continuum model was developed to calculate both the interaction between the tube and the polymer and the decreased buckling strain of the structure by fitting the molecular mechanics result in the research.
In potential applications of CNT/polymer composites, the mechanical properties of the composites depend on different weight percentage of CNTs in composites. In addition, the interaction between CNTs and polymer molecules plays an important role in mechanical properties or behaviors of the nano-structures or systems. An important mechanical property of CNTs is their resistant ability to compression and such a topic has been widely explored among communities [4, 5] . The buckling behavior of CNT/polymer structures due to attractive or repulsive van der Waals interaction could enhance or worsen the mechanical stability of CNT/polymer composites. Hence an investigation of the effect of the van der Waals interaction on the stability of CNTs embedded in matrices would provide guidance on potential applications of CNT/polymer composites.
Besides the buckling behavior, the dynamic characteristics are also significant in applications of CNT/polymer composites. It is reported that the internal damping of polymer nano-composites significantly increases when CNTs are used as reinforcements. Koratkar et al. [6, 7] reported that densely packed MWNT nano-films have been embedded as interlayers within laminated piezo-silica sandwich beams to enhance the flexural stiffness by 30% and damping of the laminates by 100%. Moreover, loads applied on the composites result in strains of the nanotubes, and the strains have been detected by changes of the carbon vibration frequencies using Raman spectroscopy [8] .
The research will investigate the buckling instability and vibration of a CNT in a PE matrix. The objective is first to find the buckling strains of the PE-CNT matrices with different PE/CNT ratios and discover how the buckling strains depend on the number of PE chains. Second, the van der Waals forces between the PE chains and the CNT will be calculated to explain the relations between the buckling strains and the PE chain number. Third, the resonant frequencies of the matrices and relations between the resonant frequencies and PE chain number will be investigated and interpreted by the van der Waals interactions.
Molecular dynamics simulation, results and discussions
In molecular mechanics simulations, the inter-atomic interactions are described by the COMPASS force field (condensed-phased optimized molecular potential for atomistic simulation studies) [9] . This is the first ab initio force field that was parameterized and validated using condensed-phase properties, and it has been proven to be applicable in describing the mechanical properties of CNTs [5] . The first simulation step is to set up the model. A nano-scale system composed of a CNT and a PE matrix is established as an example to illustrate the minimization process. The top views of a (5, 5) CNT with an original length of 19.68 Å and diameter of 6.78 Å in a 2x2x2 nm matrix, containing 15 PE chains of 16 methylene units and two methyl groups on the ends of each chain with hydrogen atoms, before and after the minimization are shown Fig. 1 (a-b) .
(a) (b) Fig. 1 (a) Top views of (5.5) CNT in 2x2x2 nm matrix before and (b) after minimization.
The matrix can be replicated across periodic boundaries in all the 3 dimensions. Initially, the CNT is centered in the matrix and the displacement between every adjacent PE chains is around 3.5 Å. During the minimization process, the COMPASS force field is applied to find the balanced positions of atoms in the system to represent a simulation of a real fabrication of a PE-CNT matrix. After the minimization process, the boundaries of the PE chains and the CNT form two concentric circles and a virtually constant equilibrium distance between them is clearly observed from the top views. The positions of PE chains seem irregular and some of the PE chains are out of the matrix. This is due to the repeatability of the matrix and the extrusive parts will definitely fill the vacancies in the replicated matrices. The length of the CNT is reduced to 17.500 Å after minimization.
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In the following simulations, constraints on all 3 dimensions are initially applied to the two ends of the CNT, and the identification of the buckling strain of a pristine CNT or a CNT/PE is conducted by calculating and scrutinizing the strain energy of the CNT or the CNT/PE when prescribing compressive displacements (0.1 Å totally) on atoms at the ends of the structure. The occurrence of a buckling can be observed by either a spontaneous drop of the strain energy or a sudden change of the structure shape from a straight to a skewed one. The top and side views of buckling shapes of the (5,5) CNT in the 2x2x2 nm matrix with 15 PE chains, illustrated in Fig. 1 for the minimization process, are shown in Fig. 2 (a-b) .
(a) (b) Fig. 2 (a) Top and (b) side views of buckling shapes of (6,6) CNT in the 2x2x2 nm matrix containing 15 PE chains.
To facilitate the observation, the PE chains in the side view are removed. The bucking strain of the matrix is found to be 10.86%, a decrease of 19% compared to that of the pristine (5, 5) CNT. The buckling strains of matrices containing 12, 13, 14, 16, 17 and 18 PE chains are also obtained. In Table 1 , the first column is the number of PE chains in ascending order; the second column is the buckling strain calculated by applying the compression to the system. The data in Table 1 indicate that the buckling strains of the PE-CNT matrices decrease with an increase in the number of PE chains. The van der Waals potential between the CNT and the PE molecules can be obtained from the difference of the van der Waals potential of the CNT/PE structure and those of individual CNT and PE chains with the force field. The van der Waals force can be obtained by a derivative calculation of the potential with respect to the expansion of the CNT wall in the radial direction during compression. The decreases of buckling strains of PE-CNT matrices may be attributed to the
Mechanical Engineering, Materials and Energy
repulsive interaction between the CNT and the PE molecules during the compression process. To verify this hypothesis, van der Waals forces at the occurrence of buckling must be found. The vdW potential between the PE chains and the CNT can be derived as
where r ∆ is the expansion of the CNT radius at the added compressive displacement. From simulations, it is found that the van der Waals forces, VDW F , on the occurrence of buckling are 2.74496 nN, 3.41699 nN and 6.95629 nN for matrices with 16, 17 and 18 PE chains respectively. These results indicate that as the number of PE chains increases, the repulsive van der Waals forces between PE chains and the CNT increase accordingly. To find the resonant frequencies and corresponding modes of a PE-CNT matrix, the provided vibrational analysis function is applied to the PE-CNT matrix after minimization process. In the vibration analysis, constraints on the ends of the CNT are removed. The resonant frequencies can be obtained from observing radial breath mode (RBM) [10] of the CNT in the PE-CNT matrix. The vibrational analysis function is used to find the resonant frequencies of the PE-CNT matrices. After vibrational analysis, a list of frequencies is generated. Identifications of the radial breath mode of the CNT and the corresponding resonant frequencies of the matrix are conducted. Fig. 3 shows a radial breath mode of the PE-CNT matrix containing 1 PE chain. Fig. 3 Radial breath mode of a PE-CNT matrix containing 1 PE chain.
As the CNT vibrates, the PE chain follows the CNT to move up and down. The resonant frequency of the pristine CNT in matrix is around 33.36 cm -1 . The resonant frequencies of PE-CNT matrices containing 1 and 2 PE chains are 29.57 cm -1 and 24.63 cm -1 which are about 11.36% and 26.17%
smaller than the resonant frequency of the pristine CNT. As more PE chains are added to the matrices, the resonant frequencies are found to be smaller further. The resonant frequency of PE-CNT matrices with 13 PE chains is 20.24 cm -1 , which is about 39.33% smaller than that of the pristine CNT. The calculations of resonant frequencies are obtained in Table 2 . The left column shows the number of PE chains in the PE-CNT matrices and the right column shows the resonant frequencies. It is very clear to see that as the number of PE chains increases, the resonant frequencies of PE-CNT matrices decrease. This can also be explained by the van der Waals interactions between the PE chains and the CNT. The increased number of PE chains in a PE-CNT matrix will lead an increase in the repulsive van der Waals forces between the PE chains and the CNT. The increased van der Waals forces constrain the motion of the CNT and the vibration of the CNT will be restricted.
Conclusion
In this paper, the decrease in the buckling strain of PE-CNT matrices with an increase in the PE chain number is reported and examined by an investigation of the repulsive van der Waals forces between the CNT and PE molecules. Relations between the resonant frequencies and the number of PE chains of the PE-CNT matrices are also obtained and explained by the repulsive van der Waals interactions between the PE chains and the CNT.
